Purpose Single-legged hop tests and isokinetic muscle torque are common outcome measures in the evaluation of knee function. The reliability of the single-legged hop tests in children has not been documented. The aim was to examine inter-and intrarater reliability of four single-legged hop tests and isokinetic muscle torque measurements in children. Methods Twenty-eight sports-active children (12.4 ± 0.3 years old) were tested three times in two test sessions separated by 1 week. They performed four single-legged hop tests and concentric isokinetic torque measurements during knee extension and flexion. Inter-and intrarater reliability were calculated using the intraclass correlation coefficient (ICC 2,1). Relative terms of the standard error of measurement (SEM %) and smallest real difference (SRD %) were emphasized to allow comparison between the different variables. Results Twenty-six children were included for statistical analysis. ICCs for inter-and intrarater reliability were moderate to high for the hop tests (0.62-0.91) and isokinetic measurements (0.76-0.87). SEMs % were low for the hop tests (3.9-7.4 %) and the isokinetic measurements (5.2-8.9 %). SRDs % were 20.5 % or less for the hop tests, 15.7 % or less for knee extension, and 24.6 % or less for knee flexion. Conclusion The single-legged hop tests and isokinetic muscle torque measurements demonstrated moderate-tohigh reliability with low measurement error in sports-active children. A change above 20.5 % for the single-legged hop tests, 15.7 % for knee extension, and 24.6 % for knee flexion is necessary to represent a real change in knee function. Level of evidence III.
Introduction
Anterior cruciate ligament (ACL) injuries are among the most common sport injuries in adolescents and adults [2] , and have been increasingly reported also in active children over the last decade [5, 17, 23] . The use of multifactorial outcome measures to capture the different aspects and consequences of an ACL injury has been established for the adult population [4] . Among these, some of the most commonly assessed performance-based tests are singlelegged hop tests and isokinetic muscle torque measurements [9, 25] . These tests have also been implemented in the evaluation of knee function after ACL injury in children [13, 19] . High reliability has been documented for both of these outcome measures in adults [21, 25, 26, 30] . To our knowledge, the reliability and validity of the singlelegged hop tests have not been investigated in children. The reliability of isokinetic peak torque has been documented in some studies in children [7, 14, 28, 32] ; however, the results are generally based on small sample sizes and diversity in designs, instrumentation, and protocols. Previous studies of the single-legged hop tests and isokinetic muscle torque measurements have often been performed on an uninjured population to establish reliability [14, 21, 30] . As reliability cannot be conceived as an inherent property of any instrument or test, examination within different populations are essential [31] . Children may differ from adults in their ability to comprehend information, to focus on the task at hand, and recognize the movement skills required to perform the test. This emphasises the need to investigate and develop reliable and valid outcome measures to assess knee function in children [20] . Single-legged hop tests and isokinetic muscle torque measurements are used as part of a functional test battery determining lower extremity function at our institution. The importance and relevance of the present study is that results regarding measurement properties are valuable references to researchers and clinicians when interpreting results of hop performance and isokinetic torque measurements in children. It can also be considered as a first step in the research process to validate outcome measures used to assess knee function in children. Thus, the aims of this study were to examine inter-and intrarater reliability of four single-legged hop tests and selected isokinetic measurements, and to establish the standard error of measurement (SEM) and smallest real difference (SRD) for these outcome measures in a sample of uninjured children.
Materials and methods
Twenty-eight sports-active children (22 boys and 6 girls) volunteered to participate in the study. We included boys and girls together, as no gender differences were expected regarding performance on the tests. The children were recruited from two sport clubs, a soccer academy and an alpine skiing team in Oslo, Norway. Invitation to participate in the study was distributed by email and on the website of the sport clubs. All children and their parent/ guardian signed an informed consent prior to inclusion. Exclusion criteria were injury to the lower extremity in the last 6 months. Two children were excluded during testing because of pain that affected their performance. The remaining 26 children (20 boys and 6 girls; 13 soccer players and 13 alpine skiers) were included in the statistical analysis. The majority of the children (77 %, 20 of 26) reported participating in sports training 4-5 days a week. Characteristics of the included children are shown in Table 1 .
Procedures
Data was collected in November 2010 and January 2011 at the Norwegian Sports Medicine Clinic (NIMI). Each child underwent testing at three occasions distributed over two test days with 1-week interval. Both test days included isokinetic testing in a Biodex dynamometer (Biodex 6000, Shirley, New York, USA), followed by four single-legged hop tests, previously described by Noyes et al. [22] Two sports physiotherapists (IE = Rater A and HM = Rater B) with extensive experience with the test procedures conducted all tests on day 1 to assess interrater reliability. The testing was conducted in a crossover design with a random test rater order. The order of raters was randomized by a simple randomization, determining who would start test 1 on day 1. The order of which rater started on test 2 was determined by the order on test 1. A standardised rest period of 30-60 min was given between test 1 and test 2 on day 1. Rater B performed all testing on day 2. The intrarater reliability was calculated from the measures of Rater B from day 1 to day 2. Anthropometric data were measured on day 1. Both legs were tested in a randomised order, which remained the same throughout the two test days. All children performed a standardised warm-up of 5 min on a stationary bike. The tests were performed in a successive manner, starting with the isokinetic muscle torque measurement and followed by the single-legged hop tests.
The isokinetic muscle torque measurements
Concentric isokinetic muscle torque during knee flexion and extension were performed with 5 repetitions at 60°/ second. Peak torque (PT), average peak torque (AVG PT), and total work (TW) were calculated. The range of motion was set from 90°knee flexion to full knee extension (0°). Seating adjustments were made with each child positioned in 80°of hip flexion and 90°of knee flexion in the test chair. The test position with regard to the depth and height of the test chair, side-to-side placement of the dynamometer, and The single-legged hop tests
The single hop (SH), crossover hop (CH), triple hop (TH), and 6-metre timed hop (6MTH) were performed in the given order ( Fig. 1) . A 6-m-long and 15-cm-wide tape on the floor marked the test course. In addition, a tape measurement was placed in the longitudinal direction to measure the distance hopped. We used a manual stopwatch (Rucanor) to record the 6MTH. Each hop began with the big toe of the leg to be tested placed on the start line. After landing, a line was drawn from the back of the heel onto the tape measure to record the distance hopped. The children were first given a demonstration, followed by one practice trial. The instruction for the SH was to hop as far as possible forward and land on the same leg. For the CH, the children hopped forward three times, alternately crossing the 15-cm-wide line. For the TH, they hopped three consecutive hops along the tape measure. A hop was considered valid if the final landing was maintained for 2 s without any excessive balance movements. Hops were continued until two valid trials were recorded, with a maximum of five trials possible. For the 6MTH, the children hopped forward as quickly as possible along the 6-m test course. The rest period between trials was the time needed for the child to walk back and resume the start position. The rest between the different hops was in addition the time it took to demonstrate a new hop. There were no restrictions of arm movements, and the children wore the same shoes on both test days. The distance hopped was measured to the nearest 0.5 cm, and time recorded to the nearest 0.01 s for the 6MTH. The exact same procedures were performed for the single-legged hop tests and isokinetic muscle torque measurements at the retests. The study was approved by the Regional Committee for Medical Research Ethics for south-eastern Norway (2010/1855) and carried out in accordance to the Declaration of Helsinki.
Statistical analysis
The hop score of each leg was reported as the better of two measured trials recorded in absolute distance (cm) for the SH, CH, and TH, and in time (s) for the 6MTH. Isokinetic muscle torque was expressed as PT and AVG PT in Nm and TW in J. Means and standard deviations (SD) were presented for each of the variables.
The sample size in the present study was based on previous reliability studies using the same methods [7, 14, 21, 30] , and on relevant literature regarding sample size in reliability studies [12, 34] . Based on discussion with a statistician, 30 children were a priori decided to be included. We used a paired t test to examine the differences between the absolute scores on day 1, test-retest, and between the right and left leg. The order of rater testing, and differences between boys and girls, were assessed with an independent t test. Significance level was set at p \ 0.05. Inter-and intrarater reliability were expressed by the intracorrelation coefficient (ICC 2,1) with 95 % confidence intervals (CI) [29] . The SEM was calculated from the square root of the mean square of error (MSE) term derived from the analysis of variance (ANOVA) [35] . The SRD with 95 % confidence was calculated as 1.96 9 H2 9 SEM. The SEM % and SRD % were calculated (SEM or SRD/mean of all scores) to represent measurement error in relative terms [15] and allow comparison across different variables. All analyses were performed in the statistical package for social science (SPSS), version 18.
Results
Twenty-six children completed testing. There were no significant differences in anthropometrics (p = 0.11-0.95) between boys and girls ( Table 1) . We found no significant differences between boys and girls in absolute scores of the ICC (2,1) intercorrelation coefficient from a two-way ANOVA, SEM standard error of measurement (HMSE from ANOVA), SRD smallest real difference (SEM 9 H2 9 1.96), SEM % or SRD % = SEM or SRD/mean of all scores, a for the triple hop n = 25, cm centimeter, s seconds single-legged hop tests or isokinetic muscle torque measurements. Thus, data were combined for further analysis. There were no significant differences between the right and left leg. No effect was detected regarding the test rater order (p = 0.09-0.94) for interrater testing, except for the 6MTH (p = 0.03 and 0.04, left and right leg, respectively).
Reliability of the single-legged hop tests
There was a significant difference for the 6MTH (p = 0.01) at day 1 ( Table 2) . One child did not succeed a valid TH. We found moderate-to-high ICCs for interrater (0.72-0.91) and intrarater (0.62-0.88) testing, with large corresponding 95 % CIs (Table 3) . SEM % values ranged from 3.9 to 7.4 %, and SRD % from 10.8 to 20.5 % for both test days. The CH produced the largest measurement errors.
Reliability of isokinetic muscle torque measurements
Results of PT are presented, as there were no differences between PT, AVG PT, and TW regarding reliability assessment, and since PT is the most commonly used isokinetic measurement. The reliability of AVG PT and TW are available in ''Appendix''. There were significant differences for PT knee extension (p = 0.001-0.02) on both test days (Table 4 ). The scores of Rater B were generally higher than of Rater A. We found high ICCs for interrater (0.76-0.82) and intrarater (0.77-0.87) testing, with large 95 % CI to the ICCs (Table 5 ). Knee flexion produced the largest measurement errors with SEM % from 8.1 to 8.9 %, and SRD % from 22.3 to 24.6 %. Knee extension showed SEMs % from 5.2 to 5.6 % and SRDs % from 14.4 to 15.7 %. [8, 25, 30] . The ICCs for the single-legged hop tests were similar to values found in young recreational athletes [21] , although higher ICCs (0.82-0.97) have been reported after ACL reconstruction [25] , and in healthy adults [27] . The 6MTH produced the lowest ICCs, as shown previously [21] . However, measurement error was small, indicating acceptable within-subject variability. The 6MTH was also the only hop with significant difference across trials at day 1 (p = 0.01). There was a tendency for all hop scores to increase from day 1 to day 2, although the effect was not significant. Previous studies on adults have also shown a tendency of scores to increase across trials [21, 27] . However, there is no agreement on the optimal number of trials to minimise the learning effect. Munro et al. [21] reported that three to four trials were required to stabilize hop performance in adults, with the CH needing the most trials. The children in our study used on average two to four trials to achieve a valid hop, with the CH needing the most trials. The CH also showed the largest values of SEM %, suggesting that this hop demonstrated lowest absolute reliability. The SRDs % in the present study indicated that values below 7.4 % most likely represented only ''measurement noise''. Improvement should exceed approximately 11-21 % to reflect a real change in knee function beyond measurement error. In comparison, Reid et al. [25] reported a minimal detectable change (90 % MDC) of 8-13 % for the single-legged hop tests in adults after ACL reconstruction. Although the SEM and SRD are important benchmarks towards establishing the minimal important change (MIC), it should further be defined from an anchor-based approach using an external criterion to interpret whether a particular change is significant [6, 33] .
The magnitude of the ICCs for isokinetic knee extension and flexion torque in our study is comparable to earlier studies on children [7, 14, 28] , although somewhat lower than reported in adults (0.85-0.94) [10, 30] . We found higher ICC values for PT knee extension than knee flexion, which has also previously been documented in children [7, 14, 16] and adults [8, 10] . The difference was also reflected by the size of the SEMs %, with smaller measurement errors for knee extension. As reported in older adults [8, 10] , children may intuitively understand the concept of maximal effort in knee extension better than flexion, since the latter movement is assisted by gravity. However, the magnitude of the absolute scores in our study is comparable to normative data from Norwegian school children at the same chronological age (12 years old) [11] and are in that way a valid expression of strength for the age group. The SEM for isokinetic measurements of knee extension or flexion has generally not been documented in children. Instead, the coefficient of variance (CV) has been used to express variability within subjects [7, 16, 18] . The CV for PT in these studies has ranged from 4.0 to 12.0 %. The SEM % and CV will generally produce similar values [15] , as shown in the study by Santos et al. [28] where SEM % ranged from 10.4 to 16.8 % and CV from 9.4 to 15.0 %. This indicates that our SEM % values are comparable to previous results in children [7, 16, 18, 28] . Our SRD % values suggest that a change above 14-16 % for knee extension and 22-25 % for flexion is necessary to reflect a real change in knee function. It demonstrates that knee extension has better ability to detect small, but potentially meaningful changes. In comparison, Sole et al. [30] suggested a change of 18-19 % (95 % SRD) for knee extension and flexion in young adults. As we found no clear benefit of one isokinetic torque variable over another regarding reliability (''Appendix''), it seems like any of the outcome variables included in this study can be used as an expression of strength in children. Isokinetic dynamometers may also be used to measure isotonic, isometric, and eccentric isokinetic contractions. Only a few studies have examined the reliability of eccentric isokinetic knee extension and flexion torque in children, with conflicting results [7, 14] . To explore whether different isokinetic test conditions would give different results regarding reliability is important. However, since the aim was to investigate reliability of our current protocol, only concentric actions were tested in this present study.
The relative nature of the ICC is reflected by the fact that the size of the ICC is highly dependent on the heterogeneity of the test sample. Low between-subject variability will decrease the value of the ICC even if the testretest variability is low [35] . The somewhat moderate ICCs in our study were not associated with large measurement error. This may reflect our homogenous sample of sports-active children with both low between-and within-subject variability. The opposite is demonstrated in a study of a heterogeneous sample of children with cerebral palsy, where the reliability of isokinetic testing during knee extension and flexion were high (ICC 0.90-0.99), but with corresponding large CV (19-24 %) , reflecting large variability between the individual scores [1] .
Some studies have reported to intentionally use only one rater to exclude the rater-linked variation. For us, it was important to establish interrater reliability for future validity of results in prospective studies. There were some significant differences (p \ 0.05) in scores between the two raters at day 1. The crossover design was a strength with regard to distributing potential differences within subjects randomly between the two raters. Thus, it is possible that these differences reflect disparities between the raters themselves, rather than the order of testing. We used standardised procedures to minimise protocol-related measurement error. All children were tested with a test interval of 1 week and at the same time of day to minimise biological variations. Previous reliability studies in children have often included a separate familiarisation session and visual feedback during isokinetic testing [7, 14] . We did not include a separate familiarisation session because this is not included in our current test protocol. The results revealed, however, that our protocol may need adjustments to allow more familiarisation with a maximal effort performance during isokinetic knee flexion. There were no substantial differences between the estimates of inter-and intrarater reliability. Overall, both the hop tests and isokinetic torque measurements produced reliable measures that can assist researchers and clinicians when interpreting results of hop performance and isokinetic knee extension and knee flexion torque in children.
Thus, from a clinical perspective, this study suggests that single-legged hop tests and isokinetic muscle torque measurements can be used as part of a test battery when assessing knee function in children. Both methods showed high precision of individual scores, which is a necessity when determining outcome on an individual level. It is important for clinicians to be familiar with the measurement properties of the outcome measure that is used, to quantify the functional ability of a child, and assist in the decision-making regarding exercise progression or return to more advanced levels of activity.
There are some limitations to this study. Compared to previous studies [7, 14, 18 , 32], we tested a large sample of children (n = 26). Still, a sample size of 30-50 has been suggested to form practically useful 95 % SRDs [12] . The limited between-subject variability in this study may have been a result of our convenience sample of children. Sports-active children may be more familiar with physical tasks than less active children. Further, children with injuries may be anxious to perform testing because of pain or fear of re-injury. Consequently, our results can primarily be generalized to similar groups of sports-active children.
Conclusions
Single-legged hop test and isokinetic muscle torque measurements are reliable methods for assessing knee function in sports-active children. Moderate-to-high interand intrarater reliability and low measurement errors were established for both outcome measures. A change above 20.5 % for the hop tests, 15.7 % for isokinetic knee extension, and 24.6 % for knee flexion (95 % SRDs) is necessary to represent a real change in knee function. Table 6 Interrater reliability of the isokinetic muscle torque measurements n ICC (2,1) intracorrelation coefficient from a two-way ANOVA, SEM standard error of measurement (HMSE from ANOVA), SRD smallest real difference (SEM 9 H2 9 1.96), SEM % or SRD % = SEM or SRD/mean of all scores
